Abstract. Cumin (Cuminum cyminum L.) is an important essential oil (EO), medicinal, and spice plant from family Apiaceae. Cumin seed EO has wide applications in the food, liquor, pharmaceutical, and aromatherapy industries, and is extracted via steam or hydrodistillation of either whole or ground seed. The hypothesis of this study was that by capturing oil eluted at different timeframes during the hydrodistillation process (HDP), we could obtain oils of differential composition and bioactivity. The objective was to evaluate the EO fractions captured at different timeframes of the HDP. In this study, we collected nine different EO fractions following nine hydrodistillation time (HDT) frames: 0-2, 2-7, 7-15, 15-30, 30-45, 45-75, 75-105, 105-135, and 135-165 minutes. In addition, continuous HDT of 165 minutes was conducted as a control and the complete cumin seed oil was collected at the end of this time. HDT significantly affected the concentrations of the following constituents in the oil (as percentage of total oil): a-pinene (0.2% to 2.1%), b-pinene (5% to 35.8%), mycrene (0.3% to 1.7%), para-cymene (12.0% to 26.4%), g-terpinene (4.8% to 25.9%), cumin aldehyde (3.8% to 51.1%), a-terpinen-7-al (0.2% to 11.2%), and g-terpinen-7-al (1.3% to 13.1%). Some of the constituents were eluted early in the HDP and were highest in the oil fraction collected at the beginning of the HDP, others were highest in the fractions collected midway in the HDP, and another group of constituents were eluted later and were the highest in the oil fractions collected during the last HDT (135-165 minutes). Due to their altered chemical composition, the oil fractions expressed different antioxidant capacities; the one eluted at 105-135 minutes HDT had the greatest oxygen radical absorbance capacity (ORAC) values. The ORAC values were positively correlated to the concentration of cumin aldehyde (0.962), a-terpinene (0.889) and g-terpinene (0.717), which suggest that these compounds in cumin oil may be responsible for the measured antioxidant capacity. This study demonstrated that cumin oil with dissimilar chemical profile and antioxidant activity could be obtained from the same batch of seed by capturing oils at different timeframes during the same HDP. The resulting products (EO fractions) could have diverse industrial, medical, and environmental applications. The method for cumin seed grinding and EO extraction described in this study could be used by industry to reduce energy inputs and oil losses, and for fast oil extraction.
Cumin (C. cyminum L.) is one of the important aromatic plants belonging to Apiaceae family. It has an ancient history of use as medicinal and spice plant since the Roman times (Stojanov, 1972) . Cumin seed was used for the treatment of toothache, diarrhea, and epilepsy in Iranian ancient medicine (Zargari, 1989) . It is also used in traditional ayurvedic medicine as a stimulant, carminative, astringent and as a remedy against indigestion, flatulence and diarrhea (Ani et al., 2006) . According to Derakhshan et al. (2008) , cumin EO reduces the virulence of Klebsiella pneumoniae, one of the bacteria responsible for nosocomial infection in human. Iacobellis et al. (2005) demonstrated that EO obtained from cumin seed can control phytobacterial diseases like Clavibacter, Curtobacterium, Rhodococcus, Erwinia, Xanthomonas, and Agrobacterium. Currently, cumin is a highly valuable spice, EO crop, and medicinal plant grown from India and China, Russia, Africa, Eastern and Western Europe to America (Atanassova and Nedkov, 2004; Azeez, 2008; Deepak, 2003; Gohari and Saeidnia, 2011) .
The EO of cumin seed may be extracted by steam or hydrodistillation (Atanassova and Nedkov, 2004; Beis et al., 2000; Topalov, 1962) . However, since the EO is synthesized and stored inside the seed in special canals called vitae, steam distillation of the whole seeds may take several hours and may require substantial energy input (Atanassova and Nedkov, 2004) . None of the literature reports had provided the optimal duration of cumin seed distillation yet. According to our experience, grinding of the cumin seed before the EO extraction may result in much faster oil extraction. However, as most EO, it doesn't dissolve in water, and evaporates quickly. Our preliminary unpublished studies ascertained that cumin seed could be ground in water and then hydrodistilled, without loss of EO. In addition, the oils distilled from ground cumin seed and captured at different timeframes, had different color and aroma. Recent reports on the effect of HDT on crushed dill (Anethum graveolens L.) , coriander (Coriandrum sativum L.) (Zheljazkov et al., 2014) , and fennel (Foeniculum vulgare Mill) demonstrated different oil constituents eluted at different distillation times. Since dill and coriander belong to the same family as cumin and have similar morphological structures (vitae) to store EO, we hypothesized that by capturing the oil fractions eluted at different times, these fractions would have dissimilar composition and possibly bioactivity, which in turn could have different research or industrial applications. These oil fractions could be exploited to produce a diversity of products.
Materials and Methods
Hydrodistillation and HDT. This experiment was carried out at the Sheridan Research and Extension Center, University of Wyoming, in 2013. In this study, we used one batch of certified bulk seed (fruits) of cumin, originated from India, and marketed by Starwest Botanicals (Rancho Cordova, CA).
The EO from all cumin seed samples was extracted via hydrodistillation in 2-L steam hydrodistillation units (Heartmagic, Rancho Santa Fe, CA). Several preliminary experiments were conducted to optimize cumin seed grinding parameters (such as duration of grinding, the amount of water needed to wash the blender, and the water to cumin seed ratio) before this hydrodistillation experiment. Consequently, in this study we used the optimized grinding time for cumin seed that we developed. Each sample of 200 g of cumin seed plus 500 mL of water was placed in blender, ground for 30 s, then additional 500 mL of water was added to the mix, and ground for 10 more seconds. The resulting slurry was immediately transferred to the bioflask of the hydrodistillation apparatus using additional 500 mL of water. First distillation time started to be measured when the first drop of oil was collected by the Florentine vessel, and the entire process ended following 165 min.
The eluted EO fractions were collected following nine HDT: 0-2, 2-7, 7-15, 15-30, 30-45, 45-75, 75-105, 105-135, and 135-165 min. In addition, continuous distillation (HDT of 165 min) was conducted as a control and the collected oil samples were considered as complete (full composition) cumin seed oil. The above selected HDT were based on preliminary studies conducted by the authors, and recent distillation time experiments conducted with ground seed of dill , coriander (Zheljazkov et al., 2014) , and fennel (F. vulgare Mill) . All the above HDTs and the control were carried out in three replicates. The resulting EO fractions and complete (full composition) cumin seed EO (control) were also analyzed in three replicates.
After all the collected oil samples were separated from water, they were weighted on analytical scale, and left in a freezer until they were analyzed.
Gas chromatography flame ionization detection essential oil quantitative analysis. All the cumin seed EO samples extracted in this study (in three replicates) were analyzed on a gas chromatograph (GC), Hewlett Packard model 6890 (Hewlett-Packard, Palo Alto, CA) with carrier gas helium at flow rate of 40 cm · sec -1 , 11.7 psi (60°C), 2.5 mL · min -1 constant flow rate, split injection 60:1, 0.5 mL, injector temperature 220°C. The GC oven temperature program was as follows: 60°C for 1 min, 10°C · min -1 to 250°C). The column was HP-INNOWAX (cross-linked polyethylene glycol; 30 m · 0.32 mm · 0.5 mm), and the flame ionization detector temperature was 275°C. Individual oil components of cumin seed were expressed as percentage of the total (full composition) oil. Identification of the GC peaks representing the individual components of cumin seed oil was accomplished by internal standards (for the main oil constituents), by retention time (NIST MS library), and also using mass-spectroscopy.
Antioxidant capacity of cumin oils from different HDT. Antioxidant capacity of all cumin oil samples collected in this study (in 3 replicates + 3 internal replicates = 9 total replications per sample) was analyzed using the ORAC oil method (Huang et al., 2002a (Huang et al., , 2002b . Specific details regarding this method were previously described by Zheljazkov et al. (2013c) . The antioxidant capacity of the cumin oil samples was measured using Trolox as a standard (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), the results are expressed as micromoles Trolox per gram.
Statistical methods. The effect of distillation time on oil content (%), and the concentration (%) of a-pinene, b-pinene, myrcene, para-cymene, g-terpinene, cumin aldehyde, a-terpinen-7-al, g-terpinen-7-al, and ORAC was determined using a one-way analysis of variance. For each response, the validity of model assumptions (normal distribution and constant variance of the error terms) was verified by examining the residuals as described in Montgomery (2013) . Normal probability plot of the residuals and the Anderson-Darling test for normality were used to verify the normal distribution assumption, and plot of the residuals vs. fitted values was used to verify the constant variance assumption. Randomization ensured the validity of the independence assumption. Since the effect of distillation time was significant (P value < 0.05) on all responses, multiple means comparison was completed using Duncan's multiple range test at the 5% level of significance to compare the nine HDT treatments; and to compare the control treatment with the other HDT treatments, Dunnett's test at the 5% level of significance was used. The analysis was completed using the General Linear Model (GLM) procedure of SAS (SAS Institute Inc., 2010).
The relationships between HDT and oil content (%), and between HDT and the concentration of a-pinene, b-pinene, myrcene, and g-terpinene were adequately modeled by the Power model (Eq. [1]); the relationships between HDT and the concentration of cumin aldehyde, a-terpinen-7-al, and ORAC were adequately modeled by the Michaelis-Menten model (Eq.
[2]); and the relationships between HDT and the concentrations of para-cymene, and g-terpinen-7-al were adequately described by the third order polynomial model (Eq. [3] ). The parameters of the nonlinear models (Michaelis-Menten and Power) were estimated iteratively using the Nonlinear (NLIN) procedure of SAS (SAS Institute Inc., 2010) and the fitted models met all adequacy requirements (Bates and Watts, 2007) .
where Y is the dependent (response) variable, X is the independent (HDT) variable, and the error term is assumed to have normal distribution with constant variance. Validity of the normality, constant variance, and independence assumptions on the error terms was verified by examining the residuals (Bates and Watts, 2007) .
Results
The effect of HDT was significant (P value < 0.05) on all responses. The content of captured EO fractions fluctuated markedly during the HDP. The greatest amount of oil (1.32%, or gram oil/100 seed) was eluted early in the HD process, at 0-2 min HDT, whereas the lowest (0.090%) was eluted at 135-165-min HDT (Table 1 ; Fig. 1 ). Generally, the yields of the oil fractions decreased with each subsequent collection after the 0-2 min HDT (Fig. 1) .
In comparison with the total oil content, the concentration of individual oil constituents (out of the total oil) showed diverse trends. The concentration of various constituents in total oil ranged within the following limits: a-pinene 2.12% to 0.18%, b-pinene 35.8% to 5.0%, and myrcene 1.67% to 0.26%; these were highest in the oil fraction collected during the 0-2 min HDT and decreased with the subsequent collections until 75-105 min HDT when they reached their lowest respective concentrations (Table 1 ; Fig. 1 ). The concentration of para-cymene (26.4% to 12.0% concentration range in the total oil) was also highest in the oil fraction eluted at 0-2 min HDT and the lowest at the HDT between 30 and 135 min (Table 1 ; Fig. 1 ).
The concentration of g-terpinene (25.9% to 4.8% concentration range of total oil) was also the highest in the oil fraction collected at 0-2 min HDT and gradually decreased with the increase of HDT, to reach the lowest value in the oil fraction eluted at 105-135 and 135-165 min HDT (Table 2; Fig. 1 ). The concentrations of cumin aldehyde, the major oil constituent (3.8% to 51.1% of the total oil), and a-terpinen-7-al (0.18% to 11.17%) were the lowest in the oil fraction collected at 0-2-min and reached their respective maximums in the one collected at 75-105 and Table 1 . Mean oil content (% oil of seed weight) and the concentration (% constituent out of the total oil) of a-pinene, b-pinene, myrcene, and para-cymene obtained from the nine hydrodistillation times (HDT) and control (full oil composition with continuous 165 min HDT).
HDT ( 105-135 min (Table 2 ; Fig. 1 ). The concentration of g-terpinen-7-al (1.3% to 13.2%) was also the lowest in the oil fraction at 0-2 min and highest in the one collected at 15-75 min HDT (Table 2 ; Fig. 1 ). The composition of cumin seed oil collected in the 0-165 min nonstop process (the control) had significantly different chemical profile from the compositional profiles of oil fractions eluted at different times (Tables 1 and 2 ). The observed antioxidant capacities differed between the oil fractions; generally the antioxidant capacity of the oil fraction collected at 0-2 min HDT was low, and increased with each subsequent collection to reach maximum values with the fraction collected at 105-135 min (Table 2; Fig. 2 ). The antioxidant capacity of the control (complete EO) was similar to the oil fraction collected at 30 min. The uninterrupted 165 min distillation gave significantly lower ORAC value than the fraction collected at 135 min, and similar to the ORAC of the fraction collected at 15-30 min HDT ( Table 2 ). The regression model (that does not include the control) showed the potentially maximum estimated value of ORAC to be 383.8 (Fig. 2) . The ORAC values were positively correlated to the concentration of cumin aldehyde (0.962), a-terpinene (0.889) and g-terpinene (0.717) and negatively correlated to the concentrations of a-pinene, b-pinene, myrcene, para-cymene, and g-terpinene (Fig. 2) .
Discussion
Due to grinding of the cumin seeds before hydrodistillation procedure, the majority of the EO eluted very early. This rapid oil extraction leads to significant time and energy savings in the steam distillation or hydrodistillation of cumin seed. Beis et al. (2000) and Ghafari et al. (2014) had to distill for 3 h to completely extract EO of cumin. Both researchers had used whole cumin seed.
Different oil fractions significantly differed in chemical composition (P value < 0.05), hence confirming the hypothesis of the study. Generally, the oil content (yield of oil per 100 g seed) and the concentration of a-pinene, b-pinene, mycrene, para-cymene, and g-terpinene were highest in the oil fractions collected at the initial HDT, whereas the concentration of cumin aldehyde, a-terpinen-7-al and g-terpinen-7-al was lowest at the same fractions. The overall oil content in the control (complete cumin seed oil) was similar to that of the previously reported ones (Bettaieb et al., 2011; Jirovetz et al., 2005; Sowbhagya et al., 2008) . However, Sowbhagya et al. (2008) and Bettaieb et al. (2011) distilled for 3 h and 2 h, respectively, and their cumin seed samples originated from different geographic regions. Fig. 1 . Plot of distillation time vs. oil content (% oil out of the seed weight), and the concentration (% oil constituent out of the total oil) of a-pinene, b-pinene, myrcene, para-cymene, g-terpinene, cumin aldehyde, a-terpinen-7-al, and g-terpinen-7-al along with the fitted (solid line) power, Michaelis-Menten, and third order polynomial models.
The oil from the control (full oil compositioncontinuous nonstop 165 min HDP) in our study was close to the oil content reported by Sowbhagya et al. (2008) and Bettaieb et al. (2011) . On the other hand, Jirovetz et al. (2005) extracted oil from 36 years preserved cumin seed and found surprisingly higher average oil content (5.4%), most probably due to substantial water loss during such a long storage. However, it is difficult to cause variations in oil yield since it can be attributed to many reasons such as genetic factors, maturity stage, environmental factors and distillation times (Lawrence, 2002; Zheljazkov et al., 2013c) , grinding method, and how finely the seed was ground before distillation (Nadeem and Riaz, 2002). The major components of cumin seed oil in our study were cumin aldehyde, b-pinene, para-cymene, g-terpinene, g-terpinen-7-al, and a-terpinen-7-al, and it is in agreement with previous reports on cumin seed oil composition (Bettaieb et al., 2011; Jirovetz et al., 2005; Yang et al., 2012) .
The results from this study demonstrated that higher contents of the most important cumin seed oil constituents can be captured in the first 2 min of distillation, except for the cumin aldehyde, which was highest in the oil fraction eluted at 105-135-min HDT. The concentrations of the major oil constituents of cumin seed oil obtained at that elution time were much higher than the previously reported cumin oil composition (Bettaieb et al., 2011; Ghafari et al., 2014; Topalov, 1962) . Hence, we obtained cumin seed oil fractions with unique compositions. Furthermore, most of the researchers used much longer distillation times to achieve complete oil extraction (Ghafari et al., 2014) . Thus, our study suggests that more efficient cumin seed oil extraction can be achieved, if we understand the cumin ground seed hydrodistillation extraction kinetics.
The oil fractions eluted at different times showed distinct antioxidant capacity, opening the possibility for using this method to obtain cumin seed oil with differential antioxidant capacity. The oil fractions eluted late were higher in antioxidant capacity than the oil fractions eluted early. This can be accounted for the higher concentration of cumin aldehyde, a-terpinene -7-al, and g-terpinene-7-al found in late distillate fractions. These compounds inhibit lipid peroxidation and enhance the activity of endogenous antioxidant enzymes (Maestri et al., 2006) . Higher boiling point of cumin aldehyde, a-terpinene-7-al, and g-terpinene-7-al than other constituents of cumin EO may be the reason behind late elution of these chemicals. Recent research with other crops, such as dill seed (A. graveolens L.) , male and female rocky mountain juniper (Juniperus scopulorum Sarg.) (Zheljazkov et al., 2012; Zheljazkov et al., 2013b) , sweet wormwood (Artemisia annua L.) (Zheljazkov et al., 2013a) , fennel (F. vulgare Mill.) (Zheljazkov et al., 2013c) , coriander (C. sativum L.) (Zheljazkov et al., 2014) , and fennel (F. vulgare Mill) , also found that distillation time can be used to obtain oil fractions with different antioxidant capacity from these plant species.
The correlation coefficients between the concentration of individual oil constituents in the oil and the ORAC values suggest that increasing concentrations of cumin aldehyde, a-terpinene, and g-terpinene may contribute to increase in antioxidant capacity. This finding is somewhat in line with a recent study by Chen et al. (2014) , who found that g-terpinene was the most efficient antioxidant compound in cumin oil, though the authors used a different method 2.2-Diphenyl-1-Picrylhydrazyl (DPPH) for measuring the antioxidant capacity. There are some reports on the antioxidant capacity of cumin seed oil (Einafshar et al., 2012; Gachkar et al., 2007) , however, these were determined using DPPH radical-scavenging capacity, which makes comparison difficult. As the ORAC values in our study were positively correlated to the concentration of cumin aldehyde (0.962), a-terpinene (0.889), and g-terpinene (0.717), we assume these compounds in cumin oil are mostly responsible for the measured antioxidant capacity of the oil. The United States Department of Agriculture has recently concluded that ORAC values for foods are not nutritionally relevant. However, ORAC assay is still used to measure the usefulness of antioxidants in preservation of drugs. Therefore, it seems the oil fraction obtained late in the HDP could have a potential as a preservative for organic nutritional supplements. This is the first study to demonstrate that various cumin oil fractions, due to their different chemical composition possess different antioxidant capacities.
Conclusion
A method for grinding of cumin seed in water was developed and optimized for decreasing the time and the energy input for hydrodistillation of cumin seed. The method used in this study was designed to produce cumin oil fractions with diverse chemical profile and antioxidant activity by capturing the eluted oil fractions at different time points.
The cumin oil fractions collected at nine HDT frames exhibited specific chemical profile and antioxidant activity. Some oil constituents reached their maximum in the oil fraction eluted at the initial HDT (0-2 min), others, later in the HDT process.
The positive correlations between the concentration of individual oil constituents in the oil and the ORAC values suggest that increasing concentrations of cumin aldehyde, Table 2 . Mean concentration (% constituent out of the total oil) of g-terpinene, cumin aldehyde, a-terpinen-7-al, g-terpinen-7-al, and oxygen radical absorbance capacity (ORAC) (mm Trolox equivalent per gram oil) obtained from the nine hydrodistillation times (HDT) and control (straight nonstop HDT of 165 min). a-terpinene, and g-terpinene may contribute to increased antioxidant capacity. This study demonstrated that cumin oil fractions with different chemical profile and bioactivity could be obtained from the same batch of seed. Since the most important cumin oil fractions responsible for distinct fragrance can be collected early and the latter fractions collected have the greatest antioxidant activity, our findings could be exploited to produce a diversity of products; early distillate fractions could be used as flavoring agent, whereas late distillate fractions could be used as food and drug preservatives. The findings from this study could be used by industry and researchers for quick extraction of cumin seed EO fractions with different composition and bioactivity from the same batch of cumin seed.
